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THE  STUDY  OF  THE  INTERACTION  OF  SILICON,  ITS  NCNOXIDES,  AND  DIOXIDES 
WITH  CFLOPINE 


Yu.  P.  Kuzretsov,  Ye.  S.  Pf^tcov,  A.  T.  Vakhtushtv^j 


ABSTRACT 


He  conducted  a therraodynamic  calculation  cf  the  leactinn  o'" 
chlorination  ot  silicon  and  its  oxides,  on  the  basis  of  which  a 
conclusion  was  made  concerning  the  mechanisa  ot  the  occurring 
interactions.  He  have  proj-osed  an  hypothesis  or  the  fact  that 
conditions  of  interaction  ot  silicon  monoxides  with  chlorine  are,  to 
a siqnificant  degree,  determined  by  the  strength  of  bonds  Si  - c,  tp 
weakening  of  which  depends  on  both  temjerature  and  sorption  of  the 
chlorine.  The  products  of  this  interaction  (SiCl,  and  SiO?)  were 
deter  mi ned . 
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We  believe  that  the  ini^^ial  s^aye  cf  the  process  ot  c h 1 or  i ra  ion 
ot  silicon  dioxile  with  chlciir.e  in  the  {.resenre  ot  a reducer 
chemcsoi  { t ior.  of  chlorine  on  t lie  activf  sections  of  the  surfac*-  of 
the  oxide,  which  leads  to  a weakeninq  cf  the  bends  of  tho  mei-als  - 
oxygen  and  thereby  faci  1 it  at  ing  the  passing  ot  the  phase  of  i--duc*-icn 
Sio^  with  carbon  to  the  moncxice  or  f>i,  which  are  easily  regula^oi 
with  Cl^- 

We  computed  the  apparent  powers  of  activation  for  the 
non- i sot  he  r ma  1 conditions  of  reaction  Si+Cl^,  SiO+Cl^,  5;iO^»C*Cl^: 

18,  3S,  65  kkal/tnole,  respectively. 

This  work  is  a continuation  of  the  investigation  of  the 
mechanism  of  chlorination  of  oxides  of  the  KA  subgroup.  The  resuitn 
for  germanium  and  tin  oxides  were  published  in  [1,2], 

The  probability  of  an  occurrence  of  these  or  other  in^'erac*  i ors 
of  silicon,  its  monoxides  and  dioxides  with  chlorine  depending  on 
temperature  can  be  found  by  comparing  the  isob a r ic- isot her ma 1 
potentials  of  these  interactions.  The  iopottance  of  values  AH  and  S 
were  taken  from  [1,4]. 
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ThP  i n t*^rd  ct  i ons  of  silicon  with  chlciine  can  he*  d esc  i:  i 1 ly 
equat iens 

(1)  Si+Cl?  = SiClp, 

(2)  Si*2Cl?  = SiCl,, 

and  with  silicon  te tra eh  1 cr ide  - hy  equation 

(3)  Si  ♦SiCl  ^ = 2SiCl2. 

Silicon  monoxide  can  inteiact  with  chicrinP  <ti' 1 SiCl*  accordiiq 
to  the  followinq  equations  of  leactions: 

(U)  2SiO+2Cl^  = SiCl,»5i0p, 

(5)  2SiO*SiCl4  = 2SiClp+SiO^. 

At  room  temperature  it  is  in  a roetastable  state  and  with  heatiiq 
it  dispropertionates  according  to  equation  of  reaction 

(6)  2SiC  = SieSiOj. 

Here  AZ  has  an  insignificant  negative  value  in  the  entire  examined 
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tempeidt  ur*^  rang*^.  Figure  1 gives  t-he  results  cf  the  t her  m e 1 yna  oi  ic 
calculations  of  some  possil.le  leacticnr  cf  the  f rocess  of 
chlorination  of  SiO^  both  in  the  presence  cf  a reducer  and  withcut 
it  . 


The  interaction  of  silicon  dioxide  with  chlorine 


(7) 


Si0p+2Cl3  = SiCl*+C3 


is  t her mod y namica 1 1 y improbable,  consequently  it  can  not  be  one  of 
the  phases  of  the  chlorination  process.  To  a still  greater  decree- 
this  relates  to  reaction 


(«) 


Sin^  + Sici,  = i.sici^tc,. 


The  introduction  of  a reducer  into  the  examined  interactions  1<  1 
to  a substantial  shift  of  the  isobar ic- isct he r n a 1 potentials  of 
reactions  to  an  area  of  more  negative  values: 


('») 


SiO,*C*2Cl^  = SiCl,^C02, 


(10) 


Sin,*c+cl?  = SiClj^COa, 


(11) 


SiO*2C+2Cl^  = SiCl,+2CC, 
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(12)  SiO^+C+siCl,  = 2SiClp»CC2. 

?1orfov*>t,  1 n 1 1 oduc  iri'j  carbon  into  syste®  it  makes  possiblt-  ^ he 

processts  of  reduction 

(13)  Si02*C  = Si  fCOp, 

(14)  Si02^2C  ^ Si  + 2Cn, 

(15)  2SiC^+C  = 2Si0*C02- 

Comparing  the  change  of  isotar  ic-isother  tra  1 potentials  of  he 
processes  of  reduction  with  the  processes  of  chlorination  of  silicon 
dioxide  with  chlorine  ci  other  chloral  agents  we  find  that  as  a 
result  of  the  sharp  change  of  value  AZ  cf  the  processes  of  lerlucticn 
in  comparison  with  chlorination  without  a reducer,  the  prinary  will 
be  processes  even  if  there  is  partial  reduction,  i.e.  to  SiO,  on 
which,  at  last,  conditions  cf  chloriration  of  silicon  dioxide  also 
depends. 

With  the  purpose  of  a mote  detailed  interpretation  of  the 
question  concerning  the  mechanism  tor  chlorination  of  silicon  oxides 


[•  AGl- 


Fig.  1.  change  of  isobaclc-isoth«raal  potential  from  temperature. 

L^J  h C.  i ly>*\  ol  ^ 

Fig.  2.  Tensiograa  ct  interactions  Si^Clj  (1)  , SiO*Cl^  (2),  S io 

[ »itrecus  ]^C1  j (3)  . 
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with  chlorine,  tensimetric  i nvest  iqa  t i cns  were  condur^eti  for  h> 
interactions  sintcl^;  Sio^tcip;  sitcl^;  SiO^tCl^tc.  The  restiich 
method  did  not  difter  trou  the  one  described  earlier  f 11- 

In  the  work  we  used  chemically  pure  silicon,  silicon  monoxide, 
comuie  tcia  1 , type  4,  chemically  pure  silicon  clicxido;  and  s pect  no- pn  r. 
carbon.  Chlorine  was  acquired  1 y [ 1 ]. 

The  interaction  of  elemental  silicon  with  chlorine  was  s*-ulied 
in  a temperature  ra  nqe  of  d00-  1000"K  (tiq-  2,  curve  1).  From  the 
acquired  tensioqrara  it  follows  that  the  interaction  beqins 
ft0C-ftS0°K  and  passes  throuqh  reaction  (2).  The  excess  silic-on  from 
SiCl*  in  the  studied  temperature  ranqe  did  not  interact. 

The  interaction  of  silicoi  monoxide  with  chlorine  was  also 
studied  by  the  tensimetric  method.  The  temperature  conditions  of 
disproportionation  of  commercial  silicon  monoxide  were  preliminarily 
studied.  The  SiO  sa  mpl  es  were  heated  in  a vacuum  (10'*  mm  Hu  columi.) 
for  a period  of  an  hour  at  different  temperatures,  and  then  a 
r oent genophase  analysis  was  conducted  on  the  calcined  samples.  The 
appearance  of  phase  SiO^  was  noticed  at  a temperature  of  IIOO^K, 
which  attests  to  the  passing  at  this  temperature  with  a larger  or 
smaller  reaction  speed  of  disproportionation  of  SiO  on  SiOp  and  si. 

In  the  atmosphere  of  chlorine  the  interaction  of  Sio  begins  from 
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76n°K  ard  up  ♦'o  the  very  end  withou*"  -«  rharp  increat^e  in  th* 

chlorination  spe.' 1 . Froiu  a ter  m pei  at  ur  e ot  ^‘iO°K  ♦he  reaction  incvei- 
much  more  actively  (second  phase;  fij.  2,  curve  2). 

Silicon  monoxide  can  be  acquired  as  a product  ot  sublimi»icr. 
with  the  interaction  ot  elemental  silicon  with  its  iioxid<^.  Ir  i^s 
makeup,  this  product  can  contain  soir*-*  ameunt  ct  silicon  which  is. 
formed  with  a partial  d ecorpos  it  ion  of  monoxide.  "Moreover,  he 
suMiraates  acquired  in  condensers  differ  not  only  in  ►»xteti'.al  form 
but  also  in  its  chemical  activity  [6]*, 

♦ Fcotnote:  The  authors  [5]  kindly  presented  us  wi*^h  three  Sio 
produces:  yellow,  fibrous,  and  vi’^reous. 

Accotdinq  to  the  data  in  [5],  the  yellow  ferm  has  in  its  makeup 
products  ot  d ispr  opert  i ona  t ion  of  SiO,  and'vtwo  ethers  aie  more  pure, 
tut  differ  in  const ruct ion . The  fibrous  prccuct  is  considered  tc  le 
the  most  unstable  for  action  of  the  oxidant,  whereas  the  vitrecus,  on 
the  other  hand,  is  the  mest  stable  product,  and  the  yellow  *'orm  ot 
Sio,  accordinq  to  stability,  is  somewhere  between  these  ♦wc.  The 
authors  fS]  note  that  these  substances  are  polymers,  and  with  tl.ernial 
ptocessinq  there  occurs  a breakdown  in  the  Si-Si  bond  and  the  tree 
valencies  can  become  saturated  with  oxygen  or  halogen. 
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Thf*  i nvest  i jdt  ions  which  wr  comlucted  showed  *-hdt  t ho  rLOLons 
fccm  interacts  with  chlorine,  heqinninq  froir  fc‘5'‘®K,  the  v i ♦ i *->o  us  - 
frcni  PftO°K,  and  ♦■he  yellow  - from  fiH0°K,  tut  moves  ’■o  ♦he  ‘-Ip 
slowly.  The  products  of  the  leaction  of  these  interactions  weio  Gi'v 
and  SiCl,;  however,  for  some  as  yet  unknown  reason  ♦he  silicon 
monoxide  does  not  completely  enter  into  the  reaction. 

Ml  four  forms  of  silicon  monoxide  investigated  hy  us  have  ^ 
completely  different  reaction  capacity.  Silicor  monoxid«,  which  .e 
examined  at  the  very  beginning,  consists  of  twc  basic  [irod  nets  which 
differ,  apparently,  by  their  structure.  This  can  also  oe  sail  o'"  ♦ lie 
yellow  form  of  SiO,  whereas  the  fibrous  and  vitreous  forms  are  tok? 

homogeneous.  Nevertheless,  in  all  three  latter  forms  an  i n si  jri  i f ica  rt 
amount  of  eleiuental  silicon  is  present,  which  is  obvious  from  the 
tensiegram,  and  on  these  there  is  some  deviation,  from  ♦he  isochore, 
from  the  temperatures  where  chlorination  of  silicon  began.  This  far^ 

can  be  explained  only  by  the  d ispr  oper  t io  na  t i or.  of  silicon  monoxidf 
at  the  moment  of  its  acquisition.  Ksse  n t ia  1 ly , the  interaction  of  .SiO 
with  chlorine  moves  by  reaction  (4),  which  ty  thermodynamic 
Calculations  is  also  the  mest  actively  favorable. 

An  interaction  of  Sin  with  SiCl,  in  the  studied  temperature 
ranqe  was  not  observed;  from  a t he r mod y ra ra ic  point  of  view,  this 
process  is  also  improbable  (see  reaction  (b))  . 
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Flora  all  that  has  been  said  it  fellows  that  it 
disproportionation  occurs  at  1100°K,  and  chlorination  occurs  it 
hijhor  temperatures,  then  tc  consider  it  a det.trm  ininj  proctss  ii. 
chlorination  of  monoxide  is  i nsu f f ic ie r 1 1 y true.  The  mechanism  of 
chlorination  is  explained,  apparently,  ty  a weakening  of  the  stren;*^h 

of  the  bond  in  molecules  of  silicon  monoxide  because  of  bot)  the 
serbing  chlorine  and  because  of  heating.  The  weakened  Si-0  honi 

breaks,  and  the  freed  oxygen  migrates  tc  the  other  SiO  molecule  ari 
oxidizes  it  to  SiOp-  Moreover,  these  investigations  show  that  •■ho 

silicon  monoxide  which  forms  during  the  Si+SiOp  reaction,  apna  rer.»  1 V , 
differs  in  the  construction  of  the  polymeric  chain,  which  tells  not 
cnly  about  the  external  ferm  of  the  substance  tut  also  its  chemical 
activity.  The  values  of  apparent  energies  ct  activity  were  nlcula’-el 
for  the  vitreous  product  (fig.  2,  curve  1). 

Silicon  dioxide  with  chlorine  can  interact  only  at  very  high 
temperatures.  The  introduction  of  a reducer  into  the  system 
significantly  lowers  the  temperature  of  the  chlorination  of  the 

cx ide . 

For  conducting  the  experiment  we  used  optical  guar^-z  glass, 
ground  to  200  mesh,  carbon  electrode  spect rc-pure.  The  interaction  of 
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silicon  ilioxiilc  wds  studied  at  iOO-1‘jOC°K. 

Th»i  reactions  of  interaction  SiO^+Cl^  and  SiOp+C  was  not 
in  ves’-i'jd*' ed  in  view  of  the  fart  that  they  occur  at  high  empo  la’’ 
which,  exceed  the  melting  point  of  quart2  glass  from  which  the 
reaction  flask  is  made.  The  intormation  on  the  feginnii.g  of 
interaction  SiO^  with  chlorine  and  carhcn  was  taken  from  the 
literature.  So,  in  [6]  is  it  shown  that  silicon  dioxide  begins  to 
interact  with  carbon  at  a temperature  of  1fiC0°K,  and  with  chlorin*'  a’’ 
-200QOC  [ 7 ]. 

i 

The  interaction  of  SiO^  with  SiCl,  in  cur  conlitions  is 
impossible  to  realize  since  this  reaction  has  a sigr.it  i can  poii»ivr. 
value  cf  iso  bar ic- isot he r la 1 potential. 

The  reaction  of  interaction  of  silicon  dioxi'ie  with  (jiseou.*- 
chlorine  in  the  presence  of  a solid  reducer  begins  at  11S0®k,  bu*r 
occurs  more  intensely  at  1*500°K.  The  formed  prcducts  of  reaction  (CO, 
CO^,  SiCl4)  are  determined  during  heating  repeated  heatings  (fig.  <)  . 
SiCl^  is  not  found  since  in  the  studied  temperature  range  .jr.d  by 
thermodynamic  calculations  interactions  (11)  and  (11)  are  not 
realized. 


Ftom  the  given  data  it  is  obvious  that  the  process  of 


rA(;h  /p- 


Pig.  3.  Tensiograa  cf  interactions  SiOj^Cl^^c. 

C' ■)  Vv\  v,  VnVii 


FTD-ID(RS)I-0076-77 


DOr  = 0076 


PAOF 


chlorination  of  Sio^,  in  the  i;ici;encp  ct  caiLon  cccur:i  at  1 ow-^r 
t em  [e  ta  t uros  than  the  ptocesscr  of  interaction  cf  Jioxitie  with 
chlorir.e  an.l  carbon.  Havinq  coif{>aied  tie  t her  ir.cdy  na  .uic  ca  1 cu  1 1 » i on.> 
and  the  experimental  data  on  chloiinaticn  of  silicon  arui  i*-s  oxide;, 
and  also  havinq  conducted  an  analogy  with  chlcrination  of  jerniani'im, 
tin,  and  theii  oxides  [1,2],  w€-  come  tc  the  conclusion  tna*-  -he 
process  of  chlorination  of  the  above  oxides,  includincj  .Sio_,,  occurs 
in  several  phases.  Thf>  decrease  of  temperat  ur  es  of  chlorination  with 

the  introduction  into  the  system  of  a reducer  is  connected  wi-n  the 
chemosorption  of  chlorine  on  the  active  paits  cf  the  surface  of  - h( 
oxide,  which,  weakening  the  bonds  of  metals  - oxygen,  facilitates  the 
passing  of  the  reduction  process.  Even  pure  reduction  can  jive  t ho 
possibility  of  realizing  the  process  of  chlcriration  in  a snecitic 
volume. 

By  the  acquired  *ensiograms  of  the  interactions  of  silicon  and 
its  monoxide  with  chlorine,  and  also  of  silicon  dioxide  with  chlorine 
in  the  presence  of  carbon,  the  apparent  energies  of  activa-ion.  were 
determined  for  non- isothermal  processes  by  the  equation  presented  in 
[H];  we  examined  this  question  in  more  detail  ir  [1,2].  For 
interactions  SitCl^,  SiCtclj,  SiO^tClptC,  the  following  values  of 
apparent  energies  of  activation  were  found;  18,  J8,  and  hh  kkal/mole, 
respectively. 
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